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Magnetic Properties of Amorphous Particles Produced by Spark Erosion
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The magnetizations and Curie temperatures of amorphous particles produced by spark
erosion are found to be greatly reduced from the values for amorphous ribbons of the
same compositions. The differences increase as particle size decreases. This behavior
is interpreted as a decrease of chemical short-range order in the particles as a result
of their faster quenching rate. Anomalous low-field behavior in the critical region also

supports this conclusion.

PACS numbers: 75.50.Kj, 75.30.Cr, 76.80.+y

In recent investigations of amorphous magnetic
alloys of transition metals with metalloids, the
samples have generally been ribbons prepared by
chill casting from the melt.! Ribbons of the same
compositions produced in different laboratories
or samples of the same compositions produced by
other methods have shown no significant differ-
ences.? Hence the properties of the ribbons have
seemed to embody the characteristics of the amor-
phous state for transition-metal-metalloid alloys.
We have prepared amorphous particles by the
spark-erosion method®* in the Fe-B, Fe-Si-B,
and Fe-Co-Si-B systems and have found that their
magnetic properties differ significantly from
those of amorphous ribbons of the same composi-
tions produced by the chill-casting technique.®
This Letter reports on the properties of the
Fe,Si ;B,, system, which appears to be typical of
the alloys investigated.

The spark-erosion method for producing amor-
phous particles consists essentially of maintain-
ing a spark discharge between two electrodes im-
mersed in a dielectric fluid.* The electrodes
were fabricated from the alloys of interest and
the dielectric fluid was dodecane [CH,(CH,),,CH,].
The Fe,Si,B,, starting alloy was prepared by
melting and casting, under argon, 99.91% Fe,
99.8% B, and Si with 1-ppb impurities. As a re-
sult of the spark discharge, small regions of the
electrodes were rapidly heated above the melting
temperature, whereupon molten droplets or va-
porized portions were ejected into the dielectric
fluid and were then rapidly quenched into the
amorphous state. The particles were generally
spherical and those with diameters >0.5 um were
readily washed free of organic material. Size
fractions in the range from 0.5 to 30.0 um were
prepared by sieving. Amorphous ribbon was pre-
pared by the chill-casting method from the same
starting alloy. The ribbon was ~ 30 um thick and
~0.85 mm wide.
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There were no significant differences among
the x-ray diffraction patterns from the amorphous
particles or ribbon., The centroids and line widths
of the two broad maxima were virtually the same
for all these samples. Insufficient sample ruled
out chemical analysis so composition was deter-
mined from properties measured after crystalli-
zation in vacuum and N, at 800°C for 24 h. The
equilibrium crystalline phases of the Fe,Si,.B,,
alloy are Fe,B and Fe.4Si, ,,° and only these
phases were detected by x-ray diffraction on crys-
tallized samples. 7, values (determined from
low-field temperature sweeps) were the same as
those for Fe,B and Fe,,Si,, , and the saturation
magnetizations for crystalline samples of all
particle sizes and ribbon were consistent with the
value for the equilibrium alloy. Composition was
most accurately determined from analyses of the
Mossbauer spectra of crystallized samples. The
spectra were analyzed in terms of four sextets:
one measured on an Fe,B sample and three® used
to fit the spectrum from an Fe,ySi,, , sample.
This showed that none of the crystallized particle
or ribbon samples deviated by more than 0.8 at.%
from the nominal alloy composition. As a fur-
ther check, an alloy of composition Fe,;Si, B,
was analyzed by the same method which yielded
Fe,; ;Si,,Bss. Thus the x-ray, magnetization,
and Mossbauer data showed that there were no
significant composition differences among the
various size fractions of the amorphous particles
and the amorphous ribbon.

Isothermal magnetization measurements near
T, produced slight changes in the magnetic prop-
erties of the samples. This behavior is generally
attributed to structural relaxation.” The samples
were therefore stabilized before the magnetiza-
tion measurements with a preanneal at 733 K for
30 min. After this treatment, there were no sig-
nificant changes in magnetic properties as a re-
sult of the isothermal measurements. This pre-
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FIG. 1. 0y(T) derived from isothermal magnetiza-
tion curves as described in the text. The inset shows

reduced magnetization.

I
200

anneal increased T.<15 K from values measured
on as-prepared samples. The mean hyperfine
field, H .., increased ~2%. These changes are
much smaller than the differences among the
samples tested.

Magnetization was measured in fields up to 80
kOe for T <273 K; for T>273 K, the maximum
field was 25 kOe. At sufficiently low tempera-
tures the isothermal magnetization curves were
linear at high fields, and the spontaneous magnet-
ization, o,(7), could be obtained by extrapolating
back to H=0. Near T,, o,7) was determined by
extrapolating plots® of 02° vs (H/0)>™,

In Fig. 1, 0,(7) is shown for the amorphous rib-
bons and for three size fractions of the amor-
phous particles. The most remarkable feature of
these data are the marked decreases in T, and
0,(4.2 K) for the particles as compared to the

ribbon. 7T, and 0,(4.2 K) for the largest parti-
cles, whose diameters are similar to the ribbon
thickness, are significantly lower than the corre-
sponding value for the ribbon, and these quantities
continue to decrease with decreasing particle di-
ameter. The values are listed in Table I. The
value of 2,01y for the moment per Fe atom ( pg)
for the ribbon is typical for this concentration of
metalloids, but the moment is reduced by 24% in
the smallest particles, with an accompanying de-
crease of 89 K in T,. Reduced thermomagnetic
data are shown in the inset in Fig. 1. The strong-
er temperature dependence of the reduced mag-
netization of the amorphous samples compared to
crystalline Fe has often been noted.

Mossbauer spectra were measured at 295 and
77 K fitted with a distribution of hyperfine fields,
p(H), determined by the Fourier-series method
of Window.® The results are shown in Fig. 2. The
spectra clearly indicate a reduction in average
hyperfine field and an increase in linewidth from
the ribbon through the smaller particles. The
plots of p(H) demonstrate these trends and show
that the increased half width at half maximum
(HWHM) is primarily due to the increasing proba-
bility of low hyperfine field as the particle size
decreases. Some data derived from the p(H) are
listed in Table I. The last two columns in Table I
demonstrate the very close proportionality be-
tween o and H .

In the crystalline Fe-B system,? it has been
shown that both p and H, ., are principally de-
termined by the number of nearest-neighbor met-
alloids. A similar metalloid dependence was ob-
served for H .., in crystalline Fe-Si.'* Further-
more, in the amorphous Fe-B system,'? it was
possible to reproduce the dependence of up and

TABLE I. Magnetic and Mdssbauer data from amorphous Fe,;Si;; By, particles and ribbon.

| 4.2K | i 295k i
a a H a,b H a,c a d H d
0o VFe VFe Tc mean peak HWHM mean mean (295K)
Sample (emu/gm) (ug) H . (K) (kOe) (kOe) (kOe) mean, ribbon Hmean(77K)
Fe, ribbon
Ribbon 178.8 2.01 1.0 717 235 240 86 1.0 (1.0) <90 (.93)
20-30 Hm 157.9 1.78 -89 685 208 213 102 .89 (.87) .93 (.91)
10-20 Hm 147.7 1.66 .83 664 193 203 107 .82 (.82) .92 (.92)
0.5-5.0 Hm 134.8 1.52 .76 628 175 192 114 .74 (.84) .90 (.91)

@ Estimated uncertainty is + 2% for ¢, and pge, * 5 kOe for H yeu, +3 kOe for Hpea, and +2 kOe for HWHM.

S H mean = | Hp (H) dH.

C°H peak is the hyperfine field corresponding to the maximum in p (H).

dvalue in parentheses is corresponding ratio of pge.
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FIG. 2. Fitted MOssbauer spectra taken at 295 K.
Hyperfine field distributions, p (H).

H _ea on B concentration with use of the nearest-
neighbor-dependent values from the crystalline
alloys in a model with strong chemical short-
range order (CSRO). Likewise in the amorphous
Fe-Si system, the nearest-neighbor Si concentra-
tion seemed to determine g '? and H,.,.'° In
all these cases ug and H ., decreased with in-
creasing nearest-neighbor metalloid concentra-
tion. Thus one may conclude that the changes in
L and p(H) from the ribbon through the particles
are the result of a corresponding increase in met-
alloid concentration around Fe sites. This im-
plies a reduction of CSRO for the particles com-
pared to the ribbon and a further reduction as the
particles decrease in size. We suggest that the
reduced CSRO is the result of a faster quenching
for the particles (>107 K/sec)'* compared to the
ribbon (10° K/sec)! and an increasing quenching
rate for decreasing particle diameter.'® Further-
more, <10-um amorphous spherical particles of
the same composition produced by gas atomiza-
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FIG. 3. Magnetization as a function of temperature
measured in 53 Oe and normalized to the value at 295 K.
Crosses indicate T, ’s determined from the high-field
data in Fig. 1.

tion with water quenching (quench rate 10° to 10°
K/sec)'® were virtually identical to the thicker
ribbon in all properties. Thus the magnetic prop-
erties are determined by quenching rate; particle
size is a factor only as it relates to the quenching
rate.

Figure 3 shows the temperature dependence of
the magnetization in 53 Oe normalized to the 295-
K value. Normalized curves for all fields <100
Oe were the same as those in Fig. 3. The cross-
es on each curve indicate T, determined from
the high-field data in Fig. 1. The very broad
transitions in the critical region for the particles
are surprising in view of the conventional behav-
ior of the extrapolated high-field data in Fig. 1
near T,. The broad transitions do not result
from a size-dependent distribution of 7, values
among particles in a given size fraction; the
same breadth was present for size distributions
only 1-um wide. The curves for the particles all
have tails which extrapolate to the T, for the rib-
bon. This suggests that the increasing HWHM and
shift of H ., With decreasing particle size re-
sults from increasing heterogeneity in the local
magnetic environment within a particle. Thus the
greater CSRO in the ribbon would be consistent
with local regions of similar chemical configura-
tion magnetically ordering at the same tempera-
ture. With decreasing CSRO in the particles,
there would be an increased temperature range
over which critical fluctuations are important.
However, it is not clear why the low-field data
are so much more sensitive to the magnetic het-
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erogeneity than are the extrapolated high-field
data.

Thus the amorphous particles produced by
spark erosion appear to have a significantly high-
er degree of chemical disorder than do amor-
phous ribbons of the same composition because
of the higher quench rate from the liquid. The
decreased CSRO is reflected in lower pg, T,
H_em, and other consistent changes in p(H). An
anomalously wide transition in the critical region
in low applied fields is puzzling in view of a more
regular behavior in the critical region in high
fields. However, it is clear from the above that
amorphous ribbon represents only one class of
the amorphous state.
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Spin Waves in a Disordered Medium: A Simple Model with a Mobility Edge

J. Canisius and J. L. van Hemmen
Universitdt Heidelberg, D-6900 Heidelbevg 1, Fedeval Republic of Germany
(Received 20 January 1981)

A computer simulation of an isotopically disordered harmonic crystal with positive
and negative masses is presented. This system may be related to a Heisenberg-
Mattis random magnet, for which our results give the elementary excitations. Ideas of
percolation theory are employed to explain the existence of a mobility edge in two and
three dimensions whenever the positive or negative masses, but not both, percolate. For
the corresponding random magnet this implies a new kind of magnon spectrum in which

localized and extended states coexist.

PACS numbers: 75.10.Jm, 63.50.+x

Spin waves are delocalized boson excitations.
They were found! as elementary excitations in
quantum spin Heisenberg models describing or-
dered media with translational invariance. How-
ever, it has remained unclear whether spin waves
can exist in a disordered medium without transla-
tional invariance or a well-defined wave vector
k. To examine this question we consider the
Heisenberg-Mattis model® ® of a random magnet,
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characterized by the Hamiltonian -

R:—2gi§jJijS(i).s(j)' (1)
L%
The J;;=J(|i—j|)>0 represent a finite-range in-
teraction on a d-dimensional cubic lattice, and
the £;s are independent, identically distributed
random variables taking values +1 and —1 with
probabilities p and ¢ =1 —p, respectively. Fixing
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